Influence of surfactant structural characteristics on stability of inverse microemulsions of acrylamide-based anionic flocculants (40% (w/w) sodium acrylate and 60% (w/w) acrylamide, based on total amount of comonomers) has been studied by using 17 surfactant blends consisting of two non ionic surfactants with different length of hydrophobic chains, different number of hydrophobic chains per molecule, and with and without double bonds on their hydrophobic chains. Experimental evidence shows that unsaturated emulsifiers are needed for obtaining stable inverse microemulsions of acrylamide-based anionic flocculants and that presence of double bonds on the hydrophobic tails of a surfactant is its major structural characteristic to stabilize this kind of polymeric inverse microemulsions (PIM).
Introduction
Polyacrylamide and its copolymers with anionic and cationic monomers are used worldwide in applications such as paper making (fines retention), flocculation of municipal and industrial wastewaters, and enhanced oil recovery [1] [2] [3] . Most common marketed acrylamide-based flocculants are mainly supplied either in a solid state or as an inverse emulsion [4] . In the solid state, the main problem is the substantial preparation time of the flocculant solution to be used in wastewater treatment because such solution must be prepared daily to avoid degradation. On the other hand, although inverse emulsions are easy to handle and can be obtained with polymer concentrations above 30% (w/w) with emulsifier concentrations below 4% (w/w) (based on emulsion total weight), they show poor thermodynamic stability resulting in phase separation.
To overcome this problem, during the 1980s a new polymerization method for obtaining flocculants was applied: inverse microemulsion polymerization [5] . Inverse microemulsions are thermodynamically stable and transparent or translucent water (aqueous solutions)/oil systems, stabilized by an interfacial layer of a surfactant or, in most cases, a surfactant blend.
Due to economic reasons, flocculants in inverse microemulsion must be characterized by a high ratio of (co)monomer to surfactant concentration in order to be industrially useful. A lower surfactant concentration, however, may affect negatively the stability of microemulsions. Therefore, the choice of a suitable surfactant or blend of surfactants is a key step to formulate a stable microemulsion. Holtzscherer and Candau [6] showed that the cohesive energy ratio (CER) concept, previously developed by Beerbower and Hill [7] for the stabilization of nonionic emulsions, could be successfully applied to microemulsions in such a way that the optimum HLB (hydrophile-lipophile balance) of the surfactant blends (SB) for microemulsion stabilization prior to polymerization could be calculated.
Nevertheless, a suitable HLB choice is not enough to obtain stable (co)monomer microemulsions. A good match between chemical structures of surfactants and oil is also necessary. Cosurfactant character of the (co)monomers also plays an important role. On the other hand, Candau et al [8] showed that it is not necessary to start with a stable (co)monomer microemulsion to get a clear and stable latex for anionic copolymers of acrylamide with both sodium 2-acrylamido-2-methylpropanesulfonate and sodium acrylate. Same results were obtained by Hernández-Barajas and Hunkeler [9] for inverse microemulsion homopolymerization of acrylamide. Therefore, there is a lack of knowledge about the correlation of monomeric and polymeric inverse-microemulsion stability.
Hunkeler et al. [10] [11] [12] pointed out the probable influence of the unsaturation level of surfactants on both copolymer properties and inverse microemulsion stability of acrylamide copolymers. However, there is not sufficient experimental data available to study the influence of unsaturated surfactants on inverse microemulsion stability after polymerization because most surfactants used in published papers related to inverse microemulsions of acrylamide-based flocculants are basically derived from sorbitan and sorbitol fatty acid esters with 1.5 to 6 oleate hydrophobic chains.
As far as we know, only a few saturated surfactants have been used: sorbitan monolaurate (Arlacel 20, ICI) [8] for microemulsions based on sodium 2-acrylamido-2-methylpropanesulfonate homopolymers and polyethoxylated C 12 -C 14 linear secondary fatty alcohols (Softanol-90, Ineos Oxide) for microemulsions of cationic flocculants based on acrylamide and [2-(acryloyloxy)ethyl]trimethyl ammonium chloride [13] [14] [15] [16] , and in both cases those saturated surfactants were used in admixture with a high proportion of unsaturated surfactants: a polyoxyethylene sorbitol monooleate (Atlas G1086, ICI) and a sorbitan sesquioleate (Arlacel 83, ICI, and Crill 43, Croda), respectively. Moreover, research of these workers was not focused on the stability of polymeric microemulsions but on the effect of surfactant nature on the particle size [8] and of several formulation parameters on the flocculant performance of the polymeric cationic inverse microemulsions [13] [14] [15] [16] .
In this paper, the influence of surfactant structural characteristics on stability of inverse microemulsions of acrylamide (AM) based anionic flocculants (sodium acrylate (NaA) 40% (w/w) and acrylamide 60% (w/w), % (w/w) based on total amount of comonomers) after copolymerization has been studied by using 17 surfactant blends consisting of two non ionic surfactants with different lengths of hydrophobic chains, different number of hydrophobic chains per molecule, and with and without double bonds on their hydrophobic chains.
Results strongly support the hypothesis that unsaturated surfactants are needed for obtaining stable inverse microemulsions of acrylamide-based anionic flocculants.
Results and discussion
Structural characteristics of the surfactant blends for each system studied as well as stability of the polymeric inverse microemulsions (PIM) obtained after copolymerization are given in Tab. 1. Structural characteristics herein considered for discussing experimental results are: CL: hydrophopic chain length as measured by the number of carbon atoms per each hydrophobic chain; NHC: number of hydrophopic chains per surfactant molecule; NDB: number of total double bonds on hydrophobic chains per surfactant molecule.
CL and NHC are related to both the length and volume of the hydrophobic tail of a surfactant and, therefore, to its capacity for covering the oil phase-aqueous phase interfacial area of the microemulsion, which increases as both CL and NHV increase resulting in a lower interfacial tension and hence in a higher stability of the inverse microemulsion.
From results given in Tab. 1 the following conclusions can be obtained: Systems that lead to stable PIM are only those in which both surfactants have double bonds on their hydrophobic tails (systems 4, 7, 10-13). CL and NHC of surfactants hydrophobic tails have no influence on PIM stability. Systems 1, 2 and 3 consist of surfactants with only one C13 saturated hydrocarbon chain while systems 16 and 17 are comprised of surfactants with six and five C12 saturated hydrocarbon chains, respectively, and, ultimately, systems 14 and 15 consist of surfactants with six and five C18 saturated hydrocarbon chains, respectively. None of them yield stable PIM.
Substitution of saturated surfactants (systems 14, 15) by unsaturated ones of the same chemical nature with equal CL and NHC results in stable PIM (systems 12, 13). Unsaturation level is not a key parameter. Surfactants in system 7 have 1 unsaturation per molecule while surfactants in systems 12 and 13 have 5 and 6 unsaturations per molecule, respectively. All of them result in stable PIM. It is enough that 1 unsaturation is present per molecule. Chemical nature of surfactant appears not to be relevant. Surfactants in system 7 are unsaturated fatty alcohols while in the other systems leading to stable PIM surfactants are in most cases unsaturated fatty esters. The common feature to all of them is presence of double bonds on their hydrophobic tails. In conclusion, experimental evidence shows that unsaturated emulsifiers are needed for obtaining stable inverse microemulsions of acrylamide-based anionic flocculants and that presence of double bonds on their hydrophobic tails is the main structural characteristic a surfactant must meet to stabilize this kind of PIM.
The key role of unsaturated surfactants for stabilizing PIM was also demonstrated by visual observation. Before copolymerizations systems 1-3 resulted in completely clear comonomer inverse microemulsion while comonomer microemulsions for systems 4, 7, 10-13 were turbid. Even, in some of them phase separation was noticed after a short period of time indicating a macroemulsion system rather than a microemulsion one. However, after copolymerization systems 1-3 were unable of stabilizing PIM while in systems 4, 7, 10-13 clear and stable microlatexes were obtained.
Hunkeler et al. [10] [11] [12] point out the probable influence of the unsaturation level on both copolymer properties and inverse microemulsion stability of acrylamide copolymers. According to these researchers, this is because unsaturated emulsifiers are interfacially radically active. Consequently, they can act as unimolecular terminating agents for growing macromolecules [12] . The macroradicals thus obtained will continue to undergo free-radical copolymerizations and eventually terminate. This transfer to surfactant reaction lowers M w , although, on the other hand, the dead chains contain terminal emulsifier groups with multiple reactive functional groups (extractable hydrogens of the hydroxyl groups and double bonds on the hydrophobic moieties), so that they can participate in long branching reactions, which lead to high molar mass macromolecules.
Therefore, a plausible explanation about the influence of unsaturated emulsifiers on PIM stability could be that during polymerization this kind of surfactants become a part of the growing macromolecular chains and impart them cosurfactant character or enhance the cosurfactant character of a polymer with such a nature.
In an attempt to find direct experimental evidence to justify this hypothesis, several anionic copolymers herein obtained were isolated by precipitation in acetone. After several washings with acetone and drying IR spectra were recorded. No band that could indicate surfactant presence in the anionic copolymers was observed. Nevertheless, this could be due to the fact that the amount of surfactant incorporated into copolymer chains could be very low.
Other issue is whether or not both surfactants in a surfactant blend must be unsaturated for stabilizing PIM as it happens for the systems studied in this work. Ochoa et al [13] [14] [15] [16] obtained stable inverse microemulsions of cationic flocculants based on acrylamide and [2-(acryloyloxy)ethyl]trimethylammonium chloride copolymers by using Arlacel-83 and Softanol 90, and Crill 43 (a sorbitan sesquioleate from CRODA equivalent to Arlacel 83 from ICI) and Softanol 90 as surfactants blends and the same oil used in this paper, Rolling M-245. Only one of the components of the surfactant blend was unsaturated.
Taking into account the HLB range (7.75-9.5) used by these workers for copolymerizations, percentages of unsaturated emulsifier in the surfactant blend were ranged from 39.6 to 57.8% (w/w), which are of the same order than the ones for unsaturated emulsifiers in surfactant blends used in this work for the systems in which only one of the emulsifiers is unsaturated: 25%, 26%, 35.9% and 51.8% for systems 5, 6, 8 and 9, respectively. Then, we cannot conclude that PIM stability for acrylamide-based cationic flocculants synthesized by Ochoa et al was due to a high proportion of unsaturated emulsifier in surfactant blend. It is well known that certain monomers and polymers have a cosurfactant character [6, [17] [18] [19] which justifies the use of lower emulsifier concentrations to stabilize the PIM based on them. Consequently, the need of using surfactant blends in which both emulsifiers are unsaturated probably will also depend on the cosurfactant character of copolymers obtained. The higher the cosurfactant character of copolymers the lower the need of surfactant blends comprised entirely of unsaturated emulsifiers.
On the basis of the results herein obtained it can be expected that stability of PIM could be enhanced by using polymerizable surfactants perhaps at concentrations close to the ones used for obtaining emulsions (2-4% (w/w)).
Conclusions
Experimental evidence shows that unsaturated emulsifiers are needed for obtaining stable inverse microemulsions of acrylamide-based anionic flocculants and also that presence of double bonds on the hydrophobic tails of a surfactant is its major characteristic to stabilize this kind of PIM. Solid acrylamide (from Cytec, UK) was used as received. Sodium acrylate was obtained in situ by neutralizing before polymerization the aqueous solution of acrylamide and acrylic acid (from SNF, France) to be used as aqueous phase of the inverse microemulsion with sodium hydroxide at T < 30 ºC in such a way that acrylamide:sodium acrylate weight ratio was 60:40 and final aqueous solution pH was 7.5. Demineralized water (conductivity < 10 μS/cm) was used to prepare all solutions. Organic solvent for oil phase was Rolling M-245, a paraffinic oil consisting of n-decane and n-tetradecane in a weight ratio of about 40/60, supplied by Shell Co. Nitrogen (technical grade B-50) was supplied by Air Liquide.Sodium metabisulfite (synthesis grade, from Panreac, Spain) was used as initiator. Disodium salt of EDTA (from Quimidroga S.A., Spain) was added to the aqueous phase in order to complex any metal cation that could inhibit polymerization. Emulsifier consisted of a mixture of two non ionic surfactants (Tab. 2). All chemicals were used as received from suppliers without further purification.
Experimental part

Pseudo-ternary phase diagrams
In order to choice comonomer inverse microemulsion formulations to be copolymerized, pseudo-ternary phase diagrams were obtained at 25ºC for each surfactant blend and for several HLB.
Aqueous phase composition was: water, 49.9% (w/w); acrylamide, 30% (w/w); sodium acrylate, 20% (w/w) and Na 2 EDTA, 0.1% (w/w). pH was adjusted at 7.5. Oil phases consisted of mixtures of Rolling M-245 and a surfactant blend of specified HLB at different weight ratios. The HLB of a surfactant blend was calculated from the following equation: HLB = HLB S1 .w S1 + HLB S2 .w S2 (1) where w is the surfactant weight fraction based on total amount of surfactant blend and subscripts S1 and S2 refer to surfactant 1 and 2, respectively.
About 6 g of aqueous phase were placed into a 25 mL glass vial and temperature adjusted to 25 ºC. An oil phase of specified surfactant blend HLB and surfactant blend/oil weight ratio was dropwise added into the stirred aqueous phase recording continuously the conductivity of the resulting mixture. The composition corresponding to macro-microemulsion transition was visually determined as a turbid to transparent transition of the mixture. However, in some cases this transition was not clearly observed in spite that clear polymeric inverse microemulsions were obtained after polymerization. Then, in these cases, composition corresponding to macro-microemulsion transition was chosen as that in which the conductivity of aqueous phase and oil phase mixture was 10% of the aqueous phase conductivity.
The above procedure was repeated for each surfactant blend at several HLB for different surfactant blend/oil weight ratios in order to obtain a number of compositions resulting in a curve corresponding to the boundary between macro (below the curve) and microemulsion (above the curve) transition.
As an example, the pseudo-ternary phase diagrams for the surfactant blend Emulan ELP-11/Brij 92 for several HLB are plotted in Fig. 1 . 
Copolymerization procedure
Reactions were carried out in a 0.5 L, five necks, jacketed reactor fitted with a thermometer and a mechanical stirrer (Heidolph RZR 2021 at 300 rpm). The aqueous phase composition of the microemulsion before copolymerization was the one given above except that ammonium persulfate (0.01% (w/w) based on the total weight of aqueous phase) was added as the oxidant of the redox pair used to initiate the copolymerization. Semicontinuous free radical copolymerizations were carried out by continuously adding a 45 g.L -1 aqueous sodium metabisulfite solution to the above inverse microemulsion of comonomers which was previously thermostated at the desired initial copolymerization temperature and purged with nitrogen for 15 minutes at constant flow (3 L/min at 25 ºC and 1 bar). Nitrogen purge was kept during all the reaction time. Sodium metabisulfite aqueous solution was added at constant flow (88.8 mL.h -1 . kg -1 of aqueous phase) by means of a Methrom Dosino 700 dosing unit. Copolymerization is strongly exothermic. Temperature increases dramatically from the initial value to 80-90 ºC within one minute and reaction was considered to be finished when temperature came back to its initial value (about 10 min after peak temperature was achieved). To define whether or not a surfactant blend leads to stable inverse microemulsions after copolymerization, for each surfactant blend at least 10 copolymerizations were carried out by using the above general procedure and varying HLB, initial copolymerization temperature, aqueous phase concentration and surfactant blend concentration within the following experimental values (all concentrations based on total amount of microemulsion):Aqueous phase concentration = 60-65% (w/w), Surfactant blend concentration = 13-25% (w/w), Balance = Rolling M-245, HLB = 8.8-9.6, Initial copolymerization temperature = 25 ºC-35 ºC.
Those values were selected from the pseudo-ternary phase diagram obtained as above stated and they correspond to formulations just in, slightly below and slightly above the boundary between macro and microemulsion.
Inverse anionic copolymer microemulsions were considered stable if after centrifuging at 5,000 rpm for 30 min no phase separation was observed. A surfactant blend was classified as unsuitable for yielding stable anionic polymeric inverse microemulsions if all copolymerizations carried out resulted in latexes in which phase separation occurs. For each surfactant blend, it was enough that only one experiment resulted in a stable polymeric inverse microemulsion so that the surfactant blend was considered suitable for obtaining stable inverse microemulsions of acrylamide-based anionic flocculants after copolymerization.
Acrylamide conversion was measured by HPLC according to the method described by Vers [20] . A 2 g/L copolymer microemulsion solution was inverted in a 10 g.L -1
Softanol-90 aqueous solution by stirring for 15 min to allow both copolymer and unreacted monomers to dissolve. Afterwards, the solution was vigorously stirred using a high speed mixer at 8,000 rpm for 1 min. Then, solution was stand on for 10 minutes to allow bubbles occluded to be removed. Next, the final solution was prepared by diluting 5 g of solution up to 100 mL using demineralised water. 100 μL of the sample were filtered through a 25 μm pore filter and injected into a Water E600 HPLC chromatograph fitted with two columns in series (Novapack C18 followed by a Fast Fruit Juice column (both from Waters Corp., USA) placed inside an oven at 55 °C) and a UV Waters E600 detector set at 200.4 nm. The mobile phase (ultrapure water adjusted at pH 3.5 with H 2 SO 4 ) flow rate was 0.5 mL.min -1 . Running time was 30 min. In all cases acrylamide conversion was higher than 95%.
